59 60 (c) Location of the ARPES scans "e" (panel (e)) and "g" (panel (g)) and equivalence with the line "a" (blue and green hexagons indicate the SBZ of (2√3×2√3)R30° silicene and Ag(111)). The constant energy cut in the background is a zoom of Fig. 3(i) .
(d) Location of the ARPES scans "f" (panel (f)) and "h" (panel (h)) and equivalence with the line "b" (blue and green hexagons indicate the SBZ of (2√3×2√3)R30° silicene and Ag(111). Thin blue lines indicate umklapp replicas of the constant energy contour of band B. The constant energy map in the background is a zoom of Fig. 3 (i).
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KEYWORDS: silicene, low energy electron diffraction (LEED), angle-resolved photoemission spectroscopy (ARPES), density functional theory (DFT). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   3 Silicene, a two-dimensional (2D) honeycomb lattice of silicon, is theoretically predicted to be stable as a free-standing monolayer in a low-buckled structure. 1 Like graphene, it displays Dirac cones at the K Si points near the Fermi level (E F ) arising from the nearly linear dispersion of π-symmetry electronic states. 1, 2 Due to the larger spin-orbit coupling of Si compared to C, freestanding silicene would exhibit interesting spintronic properties, including a non-trivial topological character, 3 quantum spin Hall effect, 4 and electrically tunable band gaps.
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Although free-standing silicene could not be produced until now, experimental studies reported the epitaxial synthesis of silicon monolayer, organized in a honeycomb lattice, on different substrates, such as Ag(111), [6] [7] [8] [9] [10] [11] [12] [13] [14] ZrB 2 (0001), 15, 16 and Ir(111).
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These Si honeycomb structures are commonly referred to as silicene, although the free standing silicene properties are generally modified by the substrate interaction.
Silicene on Ag(111), which is the best studied case, displays the particular property of forming a manifold of allotropic structures, depending on the growth temperature and Si coverage. 6, 11, 13 These honeycomb structures have a similar in-plane atomic geometry, with inter-atomic distances close to those expected for free-standing silicene. They differ with respect to the registry relations to the substrate, out of plane atomic buckling, and surface periodicity. Scanning tunneling microscopy (STM) and low-energy electron diffraction (LEED) report silicene structures with (4×4), (√13×√13)R13.9° and (2√3×2√3)R30° periodicity compared to the Ag unit cell, besides minor phases observed in the early growth stages. like the Dirac cones in graphene. Experimental 12, 14, 20 and theoretical 12, 14, [21] [22] [23] investigations have more recently demonstrated that this assignment is not correct, since the spectral features of the (4×4) structure originally interpreted as silicene bands derive from bulk The effect of the electronic interaction with the substrate for the (√13×√13)R13.9° and (2√3×2√3)R30° structures is largely unexplored. While the (√13×√13)R13.9° structure has not
been examined yet by ARPES, a recent study addressed the (2√3×2√3)R30° structure, The distribution of primary and back-scattered silicene spots in the LEED pattern of the (2√3×2√3)R30° system ( Fig. 2(c) ) can be described in a similar way ( Fig. 2(d) ). The (2√3×2√3)R30° silicene allotrope forms larger domains, compared to the (4×4) and Absence of Dirac Cones and Umklapp Scattering. Fig. 3 (a,f) displays ARPES data measured for the mixed (4×4)/(√13×√13)R13.9° system and the (2√3×2√3)R30° one along directions passing through K Si , where free-standing silicene presents Dirac cones. Namely, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 9 Ag(111) SBZ. The higher structural order of the (2√3×2√3)R30° silicene layer results in umklapp features of enhanced sharpness, and allows an easier comparison with the corresponding simulated pattern in Fig. 3 (i,j) (black arrows).
RESULTS AND DISCUSSION
By repeating the simulation of the photoemission signal on constant energy planes for all investigated binding energies (0-3 eV) it is possible to derive the expected energy-momentum band dispersion in the presence of bulk umklapp scattering. This procedure yields the bands in A state with similar binding energy and dispersion was also observed on the (2√3×2√3)R30° structure. Fig. 4(e) ). In both cases the interface state (I) has a maximum along the Γ ഥ Ag −M ഥ Ag axis (Fig. 4(a,c) ) and a minimum along the perpendicular (Fig. 4(b,d) ) at approximately the same binding energy (0.4 eV).
These measurements demonstrate that the I state, also for the (2√3×2√3)R30°, has a saddle-like dispersion in the vicinity of the M ഥ Ag point. Theoretical examination of the I state formed on the (4×4) structure shows that this state is largely of Ag sp-derived character, lies in the Ag(111) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 phases back-scattered from the second zone of Ag near the (0,0) reflection ( Fig. 2(a,b) ). This information is further confirmed by the dispersion of the σ bands extracted at higher photon energies (see ref 14 and Supporting information). in Fig.   5(h) ). Again, the observed feature is found in correspondence with the first order diffraction spot of the (2√3×2√3)R30° phase back-scattered near the (0,0) reflection (Fig. 2(c,d) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 ( Fig. 6(g) ). Similarly, lines "f" and "h" back-fold onto line "b" (Fig. 6(d) ). Again, the features observed in Fig. 6(f,h) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   14 for the different phases. We briefly review here the computed electronic structure of silicene monolayers on Ag(111) for a consistent comparison with the experimentally investigated phases. When Ag is included in the calculations the electronic properties of the silicene layers change dramatically with respect to the free-standing cases. In line with previous findings, 14, 21 the π bands of (4×4) silicene delocalize into the Ag(111) substrate and have no mass-less character nor Dirac cone dispersion. The DOS projected onto the silicene layer ( Fig. 7(b) ) displays a metalliclike behavior for the silicene π states, which are featureless and approximately constant around E F . Due to the hybridization with Ag and the non-planar arrangement of the Si atoms which enhances π-σ hybridization, also σ states give rise to a small contribution to the DOS at E F .
More prominent σ-related features, located away from E F , show clear analogies with those of the unsupported and low-buckled (1×1) silicene ( Fig. 7(a) ).
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Despite stripped-off silicene layers exhibit strong dependence on the structural parameters, the Ag-supported (4×4) (Fig. 7(b) ), (√13×√13)R13.9° (Fig. 7(c) ), and (2√3×2√3)R30° (Fig. 7(d) ) phases display very similar electronic structure for all energies (see also Supporting Information). In agreement with previous studies, 21 we find that silicene becomes slightly ∼270°C to produce the prevalent (2√3×2√3)R30° monolayer. 13 Previous studies show that the (4×4) phase is always found to be mixed with (√13×√13)R13.9° and other phases, 6, 8, 13 to an extent that depends on the deposition temperature and coverage. Although silicene structure may appear to form a pure (4×4) in LEED for certain electron energy, 7, 10 LEED I-V spot analysis
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